The toxic metals appear to use the transport pathways that exist for biologically essential metals. In this regard interactions between the toxic and essential metals are possible. This report summarizes recent findings on the transport of cadmium in rat hepatocytes and renal cortical epithelial cells in the presence or absence of certain essential metals. The transport of cadmium in hepatocytes does not require energy and, therefore, is not an active process. It occurs primarily (80%) by temperature-sensitive processes, i.e., ion channels and carriers, that involve interaction with sulfhydryl groups. These processes apparently exist for the transport of essential metals like copper, zinc and calcium. The remaining 20% of the cadmium in hepatocytes is transported via a temperature-insensitive process, possibly by diffusion. In comparison with the hepatocytes, a smaller fraction (30%) of the cadmium transport through the basolateral membrane and none from the apical membrane of the renal cortical epithelial cells is temperature-sensitive. Total accumulation through the basolateral membrane is about twice that through the apical membrane. A majority of the cadmium transport in the renal cells is by diffusion. As in hepatocytes, copper, zinc and mercury antagonize cadmium transport through the apical membranes of the renal cells. The relative antagonism by copper is the same (25%); however, the antagonism by zinc (16%) and mercury (10%) is 4-to 6-fold lower than in hepatocytes. It appears that the relative contribution of various transport pathways available for cadmium uptake is different in each cell type and apparently depends on the morphological and functional differences between the cell membranes. -Environ Health Perspect 103(Suppl 1): 73-75 (1995) 
Introduction
Transport of metals in cells can be visualized as a two-step process that involves binding to anionic sites on membrane phospholipids and proteins, including the plasma membrane receptors, and internalization (1) . The metals may enter the cell by simple diffusion through nonspecific ion pores or through specific ion-channels like those for Ca++, Na+, and K+. The internalization step may involve membrane carriers. A metal may also be internalized in a protein-bound form through receptormediated endocytosis, e.g., iron bound to ferritin (2) .
Well-defined homeostatic uptake and efflux pathways exist for biologically essential metals. The toxic metals apparently compete with the essential metals to use the same pathways, thus disrupting the intracellular balance of the essential metals and resulting in toxicological consequences. Recent findings from our laboratory on the transport of cadmium and its The studies presented in this report were supported by research grant ES-03187 from the National Institute of Environmental Health Sciences.
Materials and Methods
Two types of cells were studied: primary cultures of rat hepatocytes and renal cortical epithelial cells. Details of the cell isolation, culture, and the experimental procedures are provided in earlier publications (3) (4) (5) . Briefly, the hepatocytes were isolated by a collagenase perfusion method (6) The uptake of cadmium in hepatocytes at 370C was rapid during the first few minutes and continued at a slower rate for the duration of the observation period ( Figure 1 ). The uptake of cadmium at 40C, however, was considerably lower, and the accumula- From the above results it can be deduced that cadmium uptake is biphasic and temperature-sensitive. Furthermore, that membrane-associated component accounts for a relatively small fraction of total cadmium accumulation. This implies that cadmium is efficiently transported across the hepatocyte plasma membrane, which is in accord with the in vivo observation of rapid cadmium accumulation in the liver after iv administration in rats (7) . Marked inhibition of cadmium uptake (55 and 65%, respectively) by sulfhydryl blockers, PCMBS and NEM (4), indicates that binding of cadmium to plasma membrane sulfhydryl groups is an essential step in transport of about two-thirds of the cadmium in these cells.
A part of the temperature-sensitive component of cadmium transport was determined to occur through receptoroperated Ca"+ channels. Of the four Ca`+ channel blockers tested, verapamil was the most effective and inhibited about onethird of the cadmium uptake through this route ( Figure 2 ). The hydrated ionic radii of cadmium and calcium are very similar, thus, cadmium can easily pass through the Ca`+ channels. Furthermore, the binding affinity of cadmium to the calcium-binding sites is greater, which facilitates the displacement of calcium by cadmium (8) (9) (10) .
Not only copper and zinc but also mercury antagonized cadmium accumulation in hepatocytes (Figure 3) . The antagonism was very pronounced in the presence of 10 times molar excess of zinc or mercury (62 and 61%, respectively). In comparison, the antagonism by copper was only 22%. Zinc, copper, mercury, and cadmium compete for binding to sulfhydryl ligands that also include transport carriers (11) (12) (13) . Of the two essential metals, zinc was the most potent antagonist of cadmium accumulation. The inability of copper to antagonize cadmium accumulation to the same extent as zinc goes along with the notion that there are different sulfhydryl-containing membrane carriers or ion channels for copper (14) . therefore, exhibited very different transport characteristics.
Temperature dependence of a part of cadmium uptake in nonconfluent cultures indicates that from the basolateral membrane surface a fraction of the metal is taken up through ion channels and/or membrane carriers that are not influenced by a change in membrane fluidity. In comparison, temperature insensitivity of cadmium transport in confluent cultures and its lack of requirement for metabolic energy (5) indicates an uptake process that is composed of simple diffusion.
In confluent cultures of renal cortical epithelial cells, the antagonism of cadmium uptake by 30 pM copper (Figure 6 ) was the same as in hepatocytes (25% vs. 22%). The antagonism by 30 pM zinc, however, was much smaller than in hepatocytes (16 vs. 62%), even though the molar ratio of zinc to cadmium in the medium was 3 times higher in the case of renal cells. Similarly, the antagonism by equimolar mercury was markedly lower than in hepatocytes (11 vs. 61%) . Mercury concentrations greater than 1 pM produced cytotoxicity in the renal cortical epithelial cells and enhanced rather than inhibited cadmium accumulation, possibly due to damage to the plasma membrane caused by this highly nephrotoxic metal.
As in hepatocytes, the antagonism by copper and zinc was competitive in nature.
These metals antagonized cadmium accumulation by inhibiting its uptake and not by enhancing its efflux (5) .
In conclusion, the toxic metal cadmium appears to use the transport pathways intended for the essential metals, zinc, copper, calcium, etc. Furthermore, these pathways are not available to the same extent in all cell types. Directionality of the cell surface, i.e., apical (brush border) versus basolateral side is also important, as it may offer different mechanisms for metal transport. Thus, it is important to study metal transport not only in the target cell types but also under conditions that allow the cells to mimic their in vivo morphology. Presence of other metals in the medium provides opportunities for metal interactions that could influence mutual transport, resulting in excesses and deficiencies of the toxic and essential metals in the cell, respectively. Such interactions have obvious toxicological consequences and, therefore, need to be further characterized.
